Abstract The identification of valid biomarkers for outcome prediction of diseases and improvement of drug response, as well as avoidance of side effects is an emerging field of interest in medicine. The concept of individualized therapy is becoming increasingly important in the treatment of patients with epilepsy, as predictive markers for disease prognosis and treatment outcome are still limited. Currently, the clinical decision process for selection of an antiepileptic drug (AED) is predominately based on the patient's epileptic syndrome and side effect profiles of the AEDs, but not on effectiveness data. Although standard dosages of AEDs are used, supplemented, in part, by therapeutic monitoring, the response of an individual patient to a specific AED is generally unpredictable, and the standard care of patients in antiepileptic treatment is more or less based on trial and error. Therefore, there is an urgent need for valid predictive biomarkers to guide patient-tailored individualized treatment strategies in epilepsy, a research area that is still in its infancy. This review focuses on genomic factors as part of an individual concept for AED therapy summarizing examples that influence the prognosis of the disease and the response to AEDs, including side effects.
Introduction
A biomarker is an objectively measured indicator for a biological or pathogenic process, including the outcome of a disease or a pharmacological response to a medication and its side effects [1, 2] . Many commonly used tests in the clinical diagnosis of epilepsy can serve as biomarkers, such as electroencephalography (EEG) and cerebral magnetic resonance imaging, or other electrophysiological or imaging methods. The research on genetic variations as potential biomarkers is a relatively new field in epilepsy but of increasing interest, especially for the treatment of patients with antiepileptic drugs (AEDs). We have divided the article into three parts, genetic biomarkers 1) for prognosis of the epilepsy syndrome; 2) for the response to medication; and 3) for the risk for side effects for selected AEDs. Examples of clinically relevant biomarkers are summarized in Table 1 .
Genetic Biomarkers for Prognosis
More than 300 genes related to human epilepsy are known to date. Different mutations in many of those genes are associated with a wide phenotypic spectrum not clearly indicating a benign or severe course. However, genotype-phenotype correlations do exist and can help to predict a patient's outcome. In the next subsection, we focus on genes and epilepsy syndromes, for which knowledge is available that genetic variants may influence AED treatment.
Good Prognosis
It is evident that the clinical diagnosis of specific epilepsy syndromes, such as childhood absence epilepsy or Rolandic epilepsy, do not only include the seizure type, the typical age of onset, and EEG characteristics, but also knowledge of a frequently positive outcome. Genetic markers-if available-may improve the prediction of good prognosis in those syndromes and, importantly, render the diagnosis more certain in an early stage of the disease. One such example is outlined here, the benign familial epilepsy syndromes of neonates and infants [benign familial neonatal seizures (BFNS)/benign familial neonatal-infantile (BFNIS)/benign familial infantile seizures (BFIS)]. These syndromes are characterized by clusters of seizures in the first days (BFNS), weeks (BFNIS), or months (BFIS) of life, mostly disappearing spontaneously after weeks to months. The psychomotor development is normal in the majority of cases, but more recent studies have revealed cases with severe epileptic encephalopathy. Seizures have a partial onset often with hemitonic or hemiclonic symptoms, or with apnoeic spells, or can clinically appear as generalized. Interictal EEGs are often normal. The rare ictal EEGs recorded showed focal and generalized discharges. The risk of recurring seizures later in life is about 15 % (for a review see [3] ).
The inheritance of BFNS is autosomal dominant, with a penetrance of 85 %. Mutations in the potassium channel genes KCNQ2 and KCNQ3 have been identified to cause BFNS [4] [5] [6] [7] . The protein products-the voltage-gated channels K V 7.2 and K V 7.3-give rise to a slowly activating potassium current (socalled "M-current"), which regulates the firing rate of a neuron via tuning the membrane potential in the subthreshold range of an action potential [8] . The pathomechanism is a loss of function with haploinsufficiency [7] leading to a subthreshold membrane depolarization and increased neuronal firing. The identification of a mutation in KCNQ2 or KCNQ3 is associated with a positive prognosis and mostly seizure freedom in adulthood. Therefore, an early reduction and stop of medication, for example at 6 months of age, is feasible. However, an increasing number of cases with mental retardation ("epileptic encephalopathy") has been described [9] [10] [11] , rendering the prognosis more difficult, as the mutations are not in different locations compared with those causing a benign course. Therefore, the mutations in the above-mentioned potassium channels cannot serve in all cases as a biomarker for a good prognosis. But electrophysiological analysis of the mutations in the severe forms revealed a dominant-negative effect in 5 of 7 studied mutations, which also affects the function of the wild-type allele, thereby explaining a much more severe course of the disease [12] . Dominant point mutations in the SCN2A gene encoding the alpha-subunit of the voltage-gated sodium channel Na V 1.2 are found in BFNIS [13] . Functional investigations have revealed a gain-of-function predicting an increased neuronal excitability [14, 15] . Patients with BFNIS have a good prognosis, and medication can be stopped early. However, there are very few patients described so far with more severe epilepsy [16] , and some with epileptic encephalopathy [17] . In those, nonsense or missense mutations in the voltage sensor are often found, whereas BFNIS-associated mutations have never been described to be nonsense or with severe biophysical defects. Thus, in those cases, early detection of missense mutations in SCN2A usually predicts a good outcome, whereas nonsense mutations predict a bad outcome.
BFIS has the latest onset in this group of diseases and can be associated with paroxysmal kinesigenic dyskinesia. Recently, missense mutations in the gene PRRT2 (proline-rich transmembrane protein 2) were described for both paroxysmal kinesigenic dyskinesia and BFIS, and the combination of both called infantile convulsions and choreoathetois (ICCA) [18] [19] [20] [21] [22] . The resulting protein might be functionally relevant in the vesicle synaptic metabolism of neurons as it interacts with SNAP25, which is a member of the SNARE complex responsible for the vesicle exocytosis into the synaptic cleft [18] . BFIS is always associated with a good prognosis, and PRRT2 mutations were not found in 220 patients with epileptic encephalopathy [23] . However, BFIS cannot be distinguished by clinical criteria only from BFNIS, which might have a more severe prognosis. The identification of a mutation in PRRT2 indicates a good prognosis with normal psychomotor development and mostly seizure freedom without medication in the long term.
One family with a homozygous PRRT2 mutation has been described to present with an epileptic encephalopathy [24] and in one patient with an intellectual disability [25] . Hence, genetics can help to predict outcome in the benign familial epilepsies of childhood. Particularly in sporadic cases with de novo mutations that lack a family history, the identified mutation can be used to predict prognosis early. There is also a perspective for the prediction of treatment response according to specific genotypes in these syndromes, which is outlined below.
Bad Prognosis
Idiopathic/genetic epilepsies with an unfavorable outcome concerning response to treatment and psychomotor development are commonly summarized as so-called "epileptic encephalopathies" (EE). The term EE comprises a variety of syndromes, including a severe and largely pharmacoresistent epilepsy, cognitive impairment and additional features, such as ataxia, which usually start after a normal birth and regular postnatal development. Each type of EE is individually rare, but together this group accounts for a significant proportion of childhood epilepsies. Clinically important examples of welldefined EEs are nonlesional infantile spasms, Ohtahara syndrome, severe myoclonic epilepsy of infancy (SMEI; also known as Dravet syndrome), epilepsy with electrical status epilepticus in sleep, and Lennox-Gastaux and Rett syndromes. The phenotypic variety is large, and not all EEs can be attributed to a specific entity [26, 27] .
As an example with clinical consequences, SMEI will be described here in more detail. It is characterized by hemiclonic or generalized clonic, or tonic-clonic seizures in the first year of life that are often prolonged and associated with fever. During the course of the disease, patients develop afebrile generalized myoclonic, absence, or tonic-clonic seizures, but also simple and complex partial seizures occur. Cognitive deterioration appears in early childhood. In SMEI patients, mutations were found mainly in the sodium channel subunit gene SCN1A coding for Nav1.1 [28] . SCN1A is the gene with the most frequent mutations in epilepsy published to date, comprising a large spectrum of epilepsy phenotypes (http://www.molgen.vibua.be/scn1amutations/) [29] . At the benign end of the spectrum, patients with generalized epilepsy with febrile seizures plus (GEFS+) and even simple familial febrile seizures have been described. GEFS+ represents a childhood-onset autosomaldominant syndrome comprising febrile seizures and a variety of phenotypes, with afebrile seizure occurring often heterogeneously within the same pedigree. Most of the patients respond well to treatment and show a normal psychomotor development. Whereas point mutations in SCN1A are found in GEFS + families, many of the SMEI patients carry de novo nonsense mutations predicting truncated proteins without function [30] . SMEI is resistant to pharmacotherapy in most cases, but stiripentol seems to have a significant positive effect [31] . The sodium channel blocker lamotrigine-the only drug of this class used in patients with idiopathic generalized epilepsies-can deteriorate the epilepsy in SMEI patients [32] , supporting the pathogenic mechanism of a loss-of-function sodium channel disorder from a clinical point of view. Functional studies of SCN1A mutations in heterologous expression systems or mouse models revealed 1) predominantly loss-of-function mechanisms; 2) expression in inhibitory gamma aminobutyric acid-ergic interneurons and not in excitatory glutamatergic neurons; and 3) reduced firing exclusively in interneurons [33] .
Concerning clinical management and prognosis, truncating or other deleterious mutations in SCN1A (that are detected, e.g., after the first or second prolonged febrile seizure, or later during the course of SMEI) serve as biomarkers to predict an unfavorable prognosis and a bad response to Na + channel blockers. In addition, they help to identify the cause of the disease, thus avoid further costly and laborious diagnostics, and enable genetic counselling. In contrast, SCN1A point mutations in combination with a benign clinical course without signs of SMEI predict a favorable outcome.
Genetic Biomarkers for Pharmacoresponse
The availability of biomarkers would enable a concept of "personalized or individualized" medicine in the treatment of epilepsy. The vision is that the genetic constellation can predict the specific AED and potentially also the optimal dosage for one individual. To date, more than 30 AEDs are on the market. Comparative trials have revealed mostly none or small, but sometimes significant, differences between distinct AEDs for focal and generalized epilepsies [34] [35] [36] , which influenced the recommendations in guidelines. However, the individual response of a patient to a specific drug cannot be predicted, and the usual way to select the right AED for the right patient is based 1) on the side effect profile, but mainly 2) on trial and error (http://www.ilae.org/Visitors/ Centre/Guidelines.cfm and [37] ). However, the prediction of AED efficacy is particularly important for approximately 30 % of pharmacoresistant patients who do not respond to the first or second AED [38] . It has been shown that about 15 % of pharmacoresistant patients become seizure-free after responding to the third, fourth, or later AED that is tried in the course of systematic treatment. This observation was independent of the AED used [39, 40] . Thus, there are clearly late responders to specific AEDs, as has been also shown in phase III trials designed to license new AEDs. A small percentage of patients always reach seizure freedom in such trials, although the observation time in these studies is usually limited to 3 months. To predict such late responses beforehand, genetic markers would avoid long periods of trial and error until the right drug is found. In addition, the individual dosage of an AED has to be tested in each patient, guided by the efficacy in controlling seizures and by side effects. The ability to predict the approximate dosage needed for each patient would also change our current clinical practice tremendously. The objective of a current European collaborative research project (EpiPGX: www.epipgx.eu) is to identify genetic markers for the efficacy and side effects of commonly used AEDs.
The response to an AED is influenced by many different parameters such as 1) the pathophysiology of the epilepsy itself (see above and next subsection); 2) the interaction of an AED with it(s) target(s) (pharmacodynamics effects); and 3) by the pharmacokinetics of the AED, involving mechanisms of absorption, distribution, metabolism, and elimination (ADME; Figs 1-2) . In the following subsections we will describe the key features of these processes, including examples of genetic markers that can influence them.
Role of Pathophysiology of Epilepsy for Pharmacoresponse
We have already introduced some primary genetic epilepsy syndromes and will now discuss in more detail the impact of specific genetic variants on pharmacoresponse and their potential role as novel drug targets. In the case of KCNQ2 mutations causing epileptic encephalopathy [11] , a specific therapeutic approach is possibly feasible by enhancing the remaining activity of K V 7.2 channels with the recently labeled drug retigabine, which specifically acts on K V 7.2 channels [41, 42] . Pharmacoresistance in these patients may be overcome by the use of retigabine if other drugs fail. Furthermore, electrophysiological studies could predict response to retigabine for individual mutations, as specific mutations rarely reduce the sensitivity of K V 7.2 channels to retigabine [12] . In the case of severe SCN2A mutations with a loss of function [17] , sodium channel blockers (similar to SMEI) should probably be avoided, whereas they should be beneficial in benign cases with gain-of-function mutations [14, 15] . These theoretical considerations need to be confirmed by clinical data, but indicate the importance of genetic information and its potential for innovative individualized drug therapy in epilepsy.
Another example indicating pharmacoresistance to AEDs is mutations in SLC2A1 encoding the glucose transporter type 1 (Glut1). Glut1 delivers glucose to the brain across the bloodbrain barrier (BBB). The Glut1 syndromes comprise a variety of clinical features ranging from the most severe classical Glut1 deficiency syndrome, including pharmacoresistant epilepsy, mental retardation, microcephaly, and ataxia [43] , to more benign courses in paroxysmal exertion-induced dyskinesia [44, 45] , early-onset absence epilepsy [46] , and also classical idiopathic/genetic generalized epilepsy [47, 48] . The functionally examined SCL2A1 mutations lead to a relevant reduction of glucose uptake. All Glut1-associated syndromes are pharmacoresistant to standard AEDs, except for some mild cases [47] . They respond very well to a ketogenic diet, which bypasses the defective glucose metabolism by providing ketones as alternative energy carriers for the brain. Therefore, Glut1 syndromes are nice examples in which knowledge of the genotype is helpful in the management of patients in daily clinical practice.
Many of the commonly used AEDs are sodium channel blockers, such as phenytoin (PHT), carbamazepine (CBZ)/ oxcarbazepine/eslicarbazepine and lamotrigine (LTG). One study suggested association of a polymorphism in SCN1A with the dosage of sodium channel blockers used in treated patients [49] , but others could not confirm these results [50] . A more robust genetic association of polymorphisms in SCN1A with epilepsy has been reported in 2 recent genome-wide association studies [51, 52] ; however, an association with pharmacoresponse has not been explored in these studies. Thus, the role of common polymorphisms in SCN1A or other genes encoding potential AED targets for pharmacoresponse needs to be elucidated in the future.
An interesting study using human tissue and a rodent model of temporal lobe epilepsy has suggested that variation in the physiological properties of voltage-gated sodium channels in brain slices affects the efficacy of carbamazepine [53] . More recently, the same group reported that a change of the beta subunit composition of the neuronal sodium channel complex might explain those findings [54] . However, here a possible link to a genetic polymorphism is also unclear.
Role of Variation in ADME Genes for Pharmacoresponse
Genetic, non-genetic, and epigenetic factors involved in ADME processes are potential determinants of a drug's pharmacokinetic property thereby contributing to the interindividual variability of drug response and/or side effects [55] (Fig. 1) . Genetic polymorphisms in drug-metabolizing enzymes leading to distinct phenotypes are very well described, and evidence for their clinical significance with respect to side effects, drug efficacy, and dose requirements is rapidly growing [56] . While it was traditionally thought that drugs enter cells by passive diffusion it is now widely acknowledged that transporters (proteins integral to the plasma membrane facilitating the movement of compounds in and out of cells) are major determinants of drug absorption and elimination, as well as entry into the target organ (Fig. 2) [57] [58] [59] [60] . The potential role of drug transporters in resistance to antiepileptic drug therapy is currently being intensely discussed [61] .
Drug absorption in the gastrointestinal tract results from the combined action of uptake and efflux transporters in the luminal membrane of the enterocytes. Among the different drug efflux transporters expressed in the enterocytes, MDR1 [P-glycoprotein (Pgp)], which is encoded by the ABCB1 gene, is the best characterized. Several studies have associated AED plasma levels with 3 common and closely linked ABCB1 polymorphisms (1236C > T, 2677G > T/A, and 3435C > T) [62, 63] . The variant 3435C > T has been proposed to be associated with lower levels of PHT [64] , variants 3435C > T and 2677G > T/A with lower levels of CBZ [65] , and the variant 1236C > T with lower levels of LTG [66] . The clinical relevance, however, is still controversial as some studies have shown a positive and some a negative association between ABCB1 variants and response to AEDs [62] .
Role of Drug Distribution for Pharmacoresponse
Antiepileptic drug therapy is efficiently restricted by the entry of AEDs into the brain as the target organ [67] . Therefore, membrane transporters at different brain barriers [BBB, blood-cerebrospinal fluid (CSF) barrier, CSF-brain barrier] are of major importance. It has been proposed that over-expression of efflux transporters at the BBB may be mechanistically responsible for pharmacoresistance of AED therapy. A recent review summarizes data on the cerebral expression of membrane drug transporters, such as Pgp and multidrug resistance-associated proteins, and others in the epileptogenic brain, indicating that transporters in epileptogenic tissue are not only expressed in endothelial cells at the BBB, but also in brain parenchymal cells, such as astrocytes, microglia, and neurons [68] . Although most of the AEDs seem to be weak substrates of Pgp [62] , animal experiments using Mdr1a/1b(-/-) and Mdr1a/1b(-/-)/Bcrp(-/-) mice showed that brain-to-plasma concentration ratios for several AEDs (e.g., phenobarbital, clobazam, zonisamide, gabapentin, tiagabine, levetiracetam, and topiramate) are significantly altered [69] . More than 10 years ago, increased expression of Pgp was associated with pharmacoresistant epilepsy in patients [70] , as well as in animal models [71] . Moreover, the ABCB1 variant 3435C > T has been proposed to influence brain penetration of phenobarbital. Epilepsy patients with the CC genotype had lower levels of phenobarbital in the CSF and exhibited higher seizure activity [72] . The first study, in 2003, suggested that the 3435C > T polymorphism may explain resistance to AED therapy in epilepsy [73] , but several other association studies, as well as meta-analyses, have clearly demonstrated that the impact of ABCB1 genetics on the pharmacoresistance of AEDs is inconsistent [62, 74, 75] . However, the concept that Pgp expression and function may be directly associated with pharmacoresistant temporal lobe epilepsy in patients has been very recently corroborated by a highly attractive approach investigating Pgp activity in patients with epilepsy using positron emission tomography technology [76] . Here, reduced focal (R)-[ 11 C]verapamil uptake was detected in Fig. 1 The efficacy of an antiepileptic drug (AED) can be influenced at many different sites involving drug absorption (A) in the gastrointestinal tract, distribution (D), and transport across the blood-brain barrier, drug action at a specific target within the brain, and hepatic and renal metabolism/elimination (ME). Genetic variation, as well nongenetic factors and epigenetics, may affect expression and function of absorption, distribution, metabolism, and elimination (ADME) genes contributing to clinical outcome of AED therapy pharmacoresistant compared with seizure-free patients with temporal lobe epilepsy, and attenuated increases of (R)-[ 11 C]verapamil uptake after administration of the Pgp inhibition tariquidar in pharmacoresistant patients compared with healthy controls.
The metabolism and elimination of drugs depend on various proteins predominantly expressed in human liver and/or kidney (Fig. 1) . Most of the AEDs are metabolized hepatically, and several phase 1 and 2 drug-metabolizing enzymes are involved. Membrane transporters are, again, important determinants for hepatic and renal elimination (Fig. 2) . Genetic variability of drug-metabolizing enzymes has been the subject of research for more than 30 years. In particular, cytochrome P450 (CYPs) enzymes are of interest as several genetic variants in CYP isozymes have been identified in the past (http://www. cypalleles.ki.se/), substantially altering enzyme expression and function with clinical consequences (for a review see [56] ). Regarding AEDs, only a few examples are known for which genetic variation of drug-metabolizing enzymes may be relevant. PHT is predominantly metabolized by CYP2C9 and, to a lesser extent, by CYP2C19. Loss-of-function polymorphisms in both of these liver enzymes result in impaired PHT metabolism and, consequently, to elevated plasma levels of PHT. Poor metabolizers who are carrying homozygous loss-of-function variants are particularly at risk for the development of side effects as PHT is a drug with a narrow therapeutic window [77] . In this context, a very recent report indicates that PHTinduced cerebellar atrophy in patients with epilepsy may be linked to genetic variation of CYP2C9 [78] . Notably, recommendations on whether PHT dose adjustment should be performed in patients who are variant carriers for CYP2C9 and/or CYP2C19 are conflicting [62, 79] . This may be explained by several factors. First, several enzymes (CYP2C9, CYP2C19) and transporter proteins (e.g., ABCB1) are involved in PHT disposition; therefore, alteration of PHT plasma levels does not depend only on variation of one candidate gene. Second, other pharmacological processes like protein induction or inhibition may influence the expression and function of enzymes and transporters, as recently considered for AEDs [80] . Third, other mechanisms like epigenetics may influence ADME targets such as miRNAs and CYP expression [81] , or DNA methylation and transporter expression [82] .
Regarding other AEDs, valid data are missing on whether genetic variation of drug-metabolizing enzymes and/or transporters significantly contribute to side effects or/and treatment outcome. For instance, it has been suggested that tubular secretion of gabapentin, which is predominantly eliminated via the renal route, is altered by a genetic variant (L503F) in Fig. 2 Membrane drug transporters expressed at different tissues together with drugmetabolizing enzymes influence drug absorption, distribution, metabolism, and elimination or excretion (ADME) properties of a specific drug. MDR1 = multidrug resistance 1 protein; MRP = multidrug resistance-associated protein; BCRP = breast cancer resistant protein; OATP = organic anion transporter protein; PEPT1 = intestinaler peptid cotransporter; OCT = organischer Kationentransporter the organic cation transporter novel subfamily 1, resulting in a reduced renal clearance [83] .
In addition to genetic variation in ADME genes, nongenetic factors may also contribute to side effects and/or treatment outcome. Promising studies exist in which multivariate models, including genetics, as well as age, gender, and body weight, were used for predicting PHT and CBZ dosing in epilepsy patients [84, 85] .
Genetic Biomarkers for Hypersensitivity Reactions of AEDs
AED therapy is the most important, and always first, treatment for epilepsy patients. As epilepsy is a chronic disease, many patients receive life-long antiepileptic medication. AED therapy is very effective as 60-70 % of patients become seizurefree with the first or second AED tried [86, 87] , but side effects are common. More than a third of patients develop specific side effects on AEDs, but we are not able to predict who will suffer from which side effect in which dosage. Most AEDs have common side effects, such as dizziness or somnolence. Prominent examples of specific side effects of commonly used AEDs are weight gain, tremor, and alopecia for valproate; rash for CBZ or LTG; hyponatremia for oxcarbazepine or eslicarbazepine; irritability for levetiracetam; and weight loss, as well as cognitive impairment including speech problems, for topiramate [88] .
Recently, genetic biomarkers for side effects of AEDs have been approved by the US Food and Drug Administration. Severe allergic skin reactions, such as Stevens-Johnson syndrome (SJS) and toxic epidermal necrolysis (TEN), can appear upon treatment with CBZ. SJS is characterized by initial fever and fatigue combined with ulcers on mucous membranes such as mouth and lips. TEN is the worst form of SJS, with a mortality of up to 40 %. The human leucocyte antigen (HLA) allele HLA-B*1502 is strongly associated with severe allergic skin reactions upon CBZ therapy in the Chinese population [89] . The US Food and Drug Administration has therefore recommended obtaining HLA status before treatment with CBZ in Asian patients since 2008. HLA-B*1502 does not seem to be a predictive marker for CBZ-induced skin reactions in the Korean and Japanese populations, while HLA-B*1511 is a predictor in these Asian subgroups [90, 91] . In a prospective study with more than 4000 patients considered for treatment with CBZ in Taiwan it was shown that genetic testing completely prevents SJS and TEN when all patients carrying the HLA-B*1502 allele (7.7 %) are treated with other AEDs [92] . The association of HLA-B*1502 was also found for PHT [93] , but not for LTG [94] . In the European population, an association of HLA-A*3101 was found for all hypersensitivity syndromes with CBZ treatment [95] , but not with LTG or PHT [96] . The HLA-A*3101 allele was also identified in the Japanese population as risk factor for CBZ-induced cutaneous adverse drug reactions [97] .
In daily practice, the HLA-B*1502 allele should be tested for before the start of CBZ in patients of Asian ancestry. In the European population, severe allergic skin reactions are less common, and a prospective study has not been performed yet. As CBZ has other disadvantages, in particular enzyme induction, CBZ is no longer considered as first-line therapy in the treatment of epilepsy, at least in Germany, according the guidelines of the German Society for Neurology (http://www. dgn.org/leitlinien.html).
Conclusion
Genetic biomarkers and pharmacogenomics constitute an emerging field with a huge potential to influence our decisions for treatment of epilepsy in the future. SCN1A-related epilepsies and Glut1-associated syndromes provide nice examples of how genetics can influence both clinical management and antiepileptic therapy. Further examples might be KCNQ2-and SCN2A-related epilepsies. Concerning side effects, severe cutaneous reactions can be avoided by genetic testing in South Asian populations. Further development of novel genetic techniques and their application for clinical management will certainly contribute to the development of more relevant genetic biomarkers and enable their clinical use. The relationship between a patient's phenotype (e.g., drug response), which may change over time, and genotype needs to be more deeply considered. A more comprehensive integration of nongenetic factors, such as environmental and clinical covariates, may provide important additional phenotypic information to increase the precision of a therapeutic decision [55, 98] . Large multicentre studies, which have been already initiated, will be necessary to reach the goal of a broader understanding of pharmacogenomic mechanisms in the epilepsies.
